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Abstract
A neutrino mass matrix model with a bilinear form Mν = kν(MDM
−1
R
MT
D
)2 is proposed
within the framework of the so-called yukawaon model, which has been proposed for the
purpose of a unified description of the lepton mixing matrix UPMNS and the quark mixing
matrix VCKM . The model has only two adjustable parameters for the PMNS mixing and
neutrino mass ratios. (Other parameters are fixed from the observed quark and charged
lepton mass ratios and the CKMmixing.) The model gives reasonable values sin2 2θ12 ≃ 0.85,
sin2 2θ23 ∼ 1 and sin2 2θ13 ∼ 0.09 together with Rν ≡ ∆m221/∆m232 ∼ 0.03. Our prediction
of the effective neutrino mass 〈m〉 in the neutrinoless double beta decay takes a sizable value
〈m〉 ≃ 0.0034 eV.
PCAC numbers: 11.30.Hv, 12.15.Ff, 14.60.Pq, 12.60.-i,
1 Introduction
Many particle physicists have searched for models which provide a unified description of
the mass spectra and mixing patterns of quarks and leptons, the Cabibbo-Kobayashi-Maskawa
mixing matrix VCKM [1] and the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix UPMNS [2].
As one of such models, the so-called “yukawaon” model [3, 4, 5, 6] has been proposed. The
model is a kind of “flavon” model [7].
In this model, Yukawa coupling constants Yf (f = u, d, e, · · · ) in the standard model are un-
derstood as vacuum expectation values (VEVs) of scalars (“yukawaon”) with 3×3 components,
i.e. by yf 〈Yf 〉/Λ, where Λ is an energy scale of the effective theory. Our policy in building the
yukawaon model is as follows: (i) We consider that the hierarchical structures of the effective
Yukawa coupling constants can be understood only based on the charged lepton masses. For the
moment, we do not ask for the origin of the charged lepton mass spectrum. (For an attempt to
understand the origin of the charged lepton mass spectrum, for example, see Ref.[8].) (ii) We
assume a U(3) (or O(3)) family symmetry and R charge conservation. Structures of yukawaon
VEVs 〈Yf 〉 are obtained from SUSY vacuum conditions for a given superpotential, so that the
VEV matrices are related to other yukawaon VEVs. (As stated in (i), the charged lepton mass
1
values are inputs for the moment, we do not discuss a mechanism which gives the observed
charged lepton masses.) The first task in the yukawaon model is to search a superpotential form
which gives reasonable mass spectra and mixings (in other words, to search for fields with suit-
able representations of U(3) and R charges. (iii) Effect of SUSY breaking depends on a SUSY
breaking scenario. For the moment, we do not consider the SUSY breaking effects for yukawaon
sector. We assume that the SUSY breaking in the quark and lepton sectors is induced by gauge
mediation (this “gauge” means the conventional SU(3)c×SU(2)L×U(1)Y symmetries). (iv) At
present, our aim is to search for a mass matrix model which can give a reasonable fit to whole
of quark and lepton mass ratios and VCKM and UPMNS mixing matrices with parameters as
few as possible. At present, our concern is in the construction of phenomenological mass matrix
relations, not of a field theoretical model, i.e. neither in economizing of the yukawaon fields
nor in making the superpotential compact. It is our next step to search for a model with more
economical fields and with concise structure of superpotential.
The yukawaon model is in the process of research and development at present. In the
yukawaon model, there are, in principle, no family-number-dependent parameters except for the
charged lepton mass matrix Me. Regrettably at present, we need a phase matrix Pu (or Pd)
with two phase parameters in order to obtain reasonable values of quark mixing matrix VCKM
[5, 6]. However, the final goal of our model is to remove such family dependent parameters.
The yukawaon model is constructed by using fundamental VEV matrices of scalar fields.
In earlier yukawaon models [3], the mass matrices are directly related to a fundamental VEV
matrix matrix Φe ≡ diag(√me,√mµ,√mτ ), while in recent yukawaon models, even the charged
lepton mass matrix Me is given by a more fundamental VEV matrix Φ0. Here, we define VEV
matrices which are associated with the mass matrix for up, down quarks, and charged leptons
by a common form
Φf = kfΦ0(1+ afX3)Φ0, (1.1)
where f = u, d, e. Here, for convenience, we have dropped the notations “〈” and “〉” on the
VEV matrices. We will assign Φ0 to (3
∗,3) of U(3)×U(3)′ in the next section, so that we will
denote Φ0 as Φ¯0. In the present section in which we discuss the VEV matrices, for simplicity,
we do not distinguish between Φ0 and Φ¯0 ( and also between Yf and Y¯f , and so on). X3 and 1
are also VEV matrices of other scalar fields. The matrices Φ0, X3 and 1 are defined by
Φ0 =


x1 0 0
0 x2 0
0 0 x3

 , X3 = 1
3


1 1 1
1 1 1
1 1 1

 , 1 =


1 0 0
0 1 0
0 0 1

 . (1.2)
Here, we have assumed that there is a basis in which the VEV matrix Φ0 takes a diagonal form
and the VEV matrix X3 takes a democratic form. Our mass matrix model is described on the
premise that there can be such the flavor basis. The values of (x1, x2, x3) with x
2
1+x
2
2+x
2
3 = 1 are
2
fixed by the observed charged lepton mass values under the given value of ae. The form (1+aeX3)
is due to a family symmetry breaking U(3)→ S3 [6] as we discuss later. The coefficients af play
an essential role in obtaining the mass ratios and mixings, while the family-number independent
coefficients kf do not.
In this paper we propose a new model which improves the neutrino mass matrix. As far as
mass matrices Me, Md and Mu of the charged leptons and down- and up-quarks are concerned,
we assume the same VEV structures as those in the previous yukawaon model [4, 5, 6]:
Me = Φe, Md = Φd, Mu = ΦuΦu. (1.3)
(Such the form Mu = ΦuΦu was suggested by a phenomenological fact M
diag
u ∼ (Mdiagd )2).
Here and hereafter, we omit family-number independent coefficients (kf in Eq.(1.1) and so on),
because we are interested only in family structures of 3×3 matrices. What is new in the present
model is in the neutrino mass matrix Mν : we assume that Mν takes the following form
Mν = ΦνΦν , (1.4)
which is motivated by the up-quark mass matrix formMu = ΦuΦu given in Eq. (1.3) and by the
correspondence between quark and lepton mass matrices Me ↔Md and Mν ↔Mu. The newly
introduced VEV matrix Φν in Eq. (1.4) is given by
Φν =MDM
−1
R M
T
D. (1.5)
Here we take
MD = ΦD = Φ
T
0 (1+ aDX2)Φ0, (1.6)
MR = ΦuΦe +ΦeΦu. (1.7)
Though we use the notations MD and MR in Eqs.(1.5) - (1.7) , they have no meaning of the
Dirac or the right handed Majorana neutrino mass matrices differently from the previous model
[see Eq.(2.3) later]. Note also that the form of MD given by Eq. (1.6) is different from that of
other VEV matrices given by Eq. (1.1). Here, the matrix form X2 [9] is defined by
X2 =
1
2


1 1 0
1 1 0
0 0 0

 , (1.8)
which will be discussed in Section 2.
Let us stress the difference of the form for the neutrino mass matrix between the present
model and the previous one. In the previous yukawaon model [4, 5, 6], the neutrino mass matrix
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Mν was given by a form
Mν =MDM
−1
R M
T
D,
MD =Me,
MR = (ΦuMe +MeΦu) + ξν term,
(1.9)
where ξν-term was an additional term which was brought in order to fit neutrino mixing pa-
rameters sin2 θ23 and sin
2 θ12. However, the model could not give reasonable fit for sin
2 θ13. On
the other hand, the mass matrix (1.4) with (1.7) in the new model has no such the ξν-term.
Nevertheless, we can fit whole the observed mixing values sin2 θ23, sin
2 θ12 and sin
2 θ13 together
with the ratio of neutrino mass-squared difference Rν = ∆m
2
21/∆m
2
32 by using (1.5), as stated
in Section 3. (The big drawback in the previous yukawaon models was that the model could not
give the observed large value [10] of sin2 2θ13 ∼ 0.09.)
In Sec.2, we give VEV matrix relations in the new model. In Sec.3, we discuss parameter
fitting of observed values only for the PMNS mixing and neutrino mass ratios because we
revised the model only in the neutrino sector. The parameter values in the down-quark sector
are effectively unchanged, so that we can obtain the same predictions for the down-quark mass
ratios and CKMmatrix parameters without changing the successful results in the previous paper
[9].
2 VEV matrix relations
We assume that a would-be Yukawa interaction is given as follows:
WY =
ye
Λ
eci Y¯
ij
e ℓjHd +
yν
Λ2
(ℓiHu)Y¯
ij
ν (ℓjHu) +
yd
Λ
dciY dijq
jHd +
yu
Λ
uciY uij q
jHu, (2.1)
where ℓ = (νL, eL) and q = (uL, dL) are SU(2)L doublets. Assignments of these fields to family
symmetries U(3)×U(3)′ are given in Table 1. We denote the yukawaons with (6∗,1) and (6,1)
as Y¯ and Y , respectively. Note that in Eq.(2.1) there are no SU(2)L singlet neutrinos. We
have straightforwardly defined the neutrino mass matrix Mν by the second term in Eq.(2.1).
Although we denoted in Eq.(1.6) as if the matrix MD is a Dirac neutrino mass matrix, the
matrix MD does not have a meaning of the Dirac mass matrix [see Eq.(2.3) later]. Under the
definition of Y¯ℓ (Y
q) in Eq.(2.1), the quark mixing matrix VCKM and the lepton mixing mixing
matrix UPMNS are given by VCKM = U
†
uUd and UPMNS = U
†
eUν , respectively, where Uf are
defined by U †fM
†
fMfUf = D
2
f (Df are diagonal). Here and hereafter, sometimes, we denote Y¯ℓ
and Y q as Yf for simplify. In order to distinguish each yukawaon from others, we assume that
Yf have different R charges from each other under consideration of R charge conservation. (Of
course, the R charge conservation is broken at the energy scale Λ.)
We obtain VEV matrix relations from the superpotential which is invariant under the family
symmetries U(3)×U(3)′ and is R charge conserving. In the yukawaon model, the VEV matrix
relations are phenomenological ones, and they are dependent on the R charge assignments. Since
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Table 1: SU(2)L×SU(3)c×U(3)×U(3)′ assignments and R charges
ℓ ec q uc dc Hu Hd Y¯e Y¯ν Y
d Y u
SU(2)L 2 1 2 1 1 2 2 1 1 1 1
SU(3)c 1 1 3 3
∗ 3∗ 1 1 1 1 1 1
U(3) 3 3 3∗ 3∗ 3∗ 1 1 6∗ 6∗ 6 6
U(3)′ 1 1 1 1 1 1 1 1 1 1 1
R rℓ rec rq ruc rdc rHu rHd r¯Y e r¯Y ν rY d rY u
derivations of the VEV matrix relations are essentially similar to those in the previous papers
[3, 4, 5, 6, 9], although the U(3)×U(3)′ assignments and R charges are different. Besides, we
must consider a complicated superpotential form in order to derive the desirable mass matrix
relations. The purpose of the present paper is not to derive those mass matrix relations uniquely,
but to investigate a possibility that the neutrino mass matrix Mν is given by a form Mν =
(MDM
−1
R M
T
D)
2, from the phenomenological point of view. Therefore, in this section, we present
only the results of the mass matrix relations, the derivation of which is discussed in Appendix:
〈Y¯e〉 = 〈Φ¯e〉 = 〈Φ¯0〉
(
1+ aeXX
T
) 〈Φ¯T0 〉, (2.2)
〈Y¯ν〉 = 〈Φ¯ν〉〈Φ¯ν〉, (2.3)
〈Φ¯ν〉 = 〈Y¯D〉(〈Y¯R〉)−1〈Y¯D〉, (2.4)
〈Y¯D〉 = 〈Φ¯T0 〉
(
1+ aDX
TX
) 〈Φ¯0〉, (2.5)
〈Y¯R〉 = 〈Y¯e〉〈Φu〉+ 〈Φu〉〈Y¯e〉, (2.6)
〈Y u〉 = 〈Φu〉〈Φu〉, (2.7)
〈Φu〉 = 〈Φ¯0〉
(
1+ auXX
T
) 〈Φ¯T0 〉, (2.8)
〈P¯d〉〈Y d〉〈P¯d〉 = 〈Φ¯0〉
(
1+ adXX
T
) 〈Φ¯T0 〉+ ξd01. (2.9)
Here, the fields Φ¯iα0 and Xαi are assigned to (3
∗,3∗) and (3,3) of U(3)×U(3)′, respectively. The
field X has phenomenologically been introduced in the previous model [9], the VEV of which
has the form
1
vX
〈X〉αi = 1
2


1 1 0
1 1 0
1 1 0


αi
. (2.10)
The form (2.10) leads to
(〈X〉〈XT 〉)
αβ
=
3
2
(X3)αβ ,
(〈XT 〉〈X〉)
ij
=
3
2
(X2)ij , (2.11)
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together with 〈X〉〈X〉 = 〈X〉, where X3 and X2 is defined by Eqs. (1.2) and (1.8), respectively.
Here, for simplicity, we have put vX = 1 because we are interested only in the relative ratios
among the family components. At present, there is no idea for the origin of the form (2.10).
We may speculate that this form is related to a breaking pattern of U(3)×U(3)′ (for example,
discrete symmetries U(3)×U(3)′ →S2×S3). In the present paper, the form (2.10) is only ad hoc
assumption. However, as seen later, we can obtain a good fitting for the neutrino mixing angle
sin2 2θ13 due to this assumption.
3 Parameter fitting
We again summarize our mass matrix model as follows:
Me = Y¯e = Φ¯0(1+ aeX3)Φ¯
T
0 , (3.1)
Mν = Y¯ν = Φ¯νΦ¯ν , (3.2)
Φν = Y¯DY¯
−1
R Y¯D, (3.3)
MD = Y¯D = Φ¯
T
0 (1+ aDe
iαDX2)Φ¯0, (3.4)
MR = Y¯R =
(
Y¯eΦ
u +ΦuY¯e
)
, (3.5)
Mu = Y
u = ΦuΦu, (3.6)
Φu = Φ¯0
(
1+ aue
iαuX3
)
Φ¯T0 , (3.7)
P¯dY
dP¯d = Φ¯0(1+ adX3)Φ¯
T
0 + ξ
d
01, (3.8)
where, for convenience, we have dropped the notations “〈” and “〉”. In numerical calculations,
we use dimensionless expressions Φ¯0 = diag(x1, x2, x3) (with x
2
1 + x
2
2 + x
2
3 = 1) and P¯d =
diag(e−iφ1 , e−iφ2 , 1). The parameters are re-refined by Eqs.(3.1)-(3.8). In Eqs.(3.7) and (3.4), we
have denoted au and aD as aue
iαu and aDe
iαD , respectively, since we assume that the parameters
ae and ad are real, while au and aD are complex in ourMD ↔Mu andMe ↔Md correspondence
scheme.
In this model, we have two parameters (aD, αD) for neutrino sector, four parameters aD, ξ
d
0
and (φ1, φ2) for down-quark mass ratios and VCKM , and three parameters ae, (au, αu) for charged
lepton mass ratios and up-quark mass ratios as shown in Table 2. Especially, it is worthwhile
noticing that the neutrino mass ratios and UPMNS are functions of only two parameters after ae
and (au, αu) have been fixed from the observed CKM mixing and up-quark mass ratios. There
is effectively no change in the mass matrix structures except for Yν from the previous paper [9],
so that we can use the same parameter values for ae and (au, αu) as those in the previous study
[9], which are given by
ae = 7.5, (au, αu) = (−1.35, 7.6◦). (3.9)
Therefore, as far as PMNS mixing and neutrino mass ratios are concerned, we have only two
free parameters (aD, αD) in the present neutrino mass matrix model.
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Table 2: Process for parameter fitting. Since the parameters listed in each step can slightly
affect predictions listed in the other steps, we need fine tuning after the 5h step. New parameter
fitting in the present paper starts from the 5th step.
Step Inputs Ninp Parameters Npar Predictions
1st me
mµ
,
mµ
mτ
4 x1
x2
, x2
x3
4
mu
mc
, mc
mt
ae, au
2nd |Vus|, |Vcb|, |Vub| 3 αu, (φ1, φ2) 3 |Vtd|, δqCP
3rd ms
mb
1 ad 1
4th md
ms
1 m0d 1 not affect to other predictions
5th sin2 2θ12 2 aD 2 sin
2 2θ13, δ
ℓ
CP , 2 Majorana phases
Rν αD sin
2 2θ23,
mν1
mν2
, mν2
mν3
option ∆m2atm 1 mν3 1 (mν1,mν2,mν3), 〈m〉∑
N... 12 12
At present, the observed values [11] are as follows:
sin2 2θobs12 = 0.857 ± 0.024, sin2 2θobs23 > 0.95, sin2 2θobs13 = 0.098 ± 0.013, (3.10)
Robsν ≡
(∆m221)
obs
(∆m232)
obs
=
(7.50 ± 0.20) × 10−5 eV2
(2.32+0.12−0.08)× 10−3 eV2
= (3.23+0.14−0.19)× 10−2. (3.11)
Since the parameters (aD, αD) are sensitive to the observables sin
2 2θobs12 and R
obs
ν , we use
the observed values of sin2 2θ12 and Rν in order to fix our parameter values (aD, αD). In Fig.1,
we illustrate an allowed parameter region of (aD, αD) obtained from the observed values of
sin2 2θobs12 and R
obs
ν . As seen in Fig.1, the observed values uniquely fix the parameter values
(aD, αD) as
(aD, αD) = (8.7, 12
◦). (3.12)
It is worthwhile noticing that the parameter values (3.12) uniquely give a prediction of sin2 2θ13 ≃
0.09. For reference, in Fig.2, we illustrate behaviors of sin2 2θ12 and Rν versus αD in the case
of aD = 8.7. We find that the choice αD = 12
◦ gives excellent fittings to the observed values of
sin2 2θ12 and Rν simultaneously:
sin2 2θ12 = 0.8544, Rν = 0.0331. (3.13)
Then, we obtain our predictions for sin2 2θ23 and sin
2 2θ13 using (3.12) as follows:
sin2 2θ23 = 0.9962, sin
2 2θ13 = 0.0907, (3.14)
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Figure 1: Allowed parameter region in (aD, αD) plane. The solid and dashed curves indicate
the border and center curves of the allowed region which are obtained from the observe values
of sin2 2θobs12 and R
obs
ν × 10, respectively. The dot-dashed curves represent contour curves of
sin2 2θ13 for some typical values, sin
2 2θ13 = 0.08, 0.09, and 0.10.
which are in excellent agreement with the observed values given in Eq.(3.10).
The fixing of the parameters (aD, αD), Eq.(3.12), leads to the prediction of the CP violating
phase parameter in the lepton sector too:
δℓCP = 127
◦ (Jℓ = 2.74 × 10−2), (3.15)
where δℓCP is the CP violating phase in the standard expression and J
ℓ is the rephasing invariant
[12]. We can also predict neutrino masses:
mν1 = 0.00061 eV, mν2 = 0.00899 eV, mν3 = 0.05011 eV, (3.16)
by using the input value [13] ∆m232 = 0.00243 eV
2. (Note that, in the present model, we cannot
obtain an inverted neutrino mass hierarchy, because the hierarchies of the mass matrices are
related to the hierarchy of the charged lepton mass hierarchy, i.e. to the VEV matrix 〈Φ0〉.)
We also predict the effective Majorana neutrino mass [14] 〈m〉 in the neutrinoless double beta
decay as
〈m〉 =
∣∣m1U2e1 +m2U2e2 +m3U2e3∣∣ = 0.0034 eV. (3.17)
This predicted value is considerably larger than those in other models with normal hierarchy
[15].
Finally, we list the predicted values of the CKM mixing parameters and down-quark mass
ratios, although they are essentially the same as those in the previous model [9]:
|Vus| = 0.2271, |Vcb| = 0.0394, |Vub| = 0.00347, |Vtd| = 0.00780, (3.18)
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Figure 2: Lepton mixing parameters sin2 2θ12, sin
2 2θ23, sin
2 2θ13, and the ratio Rν versus the
phase parameter αD for aD = 8.7. The horizontal lines denote observed values (the center and
1σ values) of sin2 2θobs12 , sin
2 2θobs13 × 10 and Robsν × 10. Our predicted value for sin2 2θ23 is well
satisfied the obtained experimental bound of sin2 2θobs23 .
δqCP = 59.6
◦ (Jq = 2.6× 10−5), (3.19)
ru12 =
√
md
ms
= 0.00465, ru23 =
√
md
mb
= 0.0614. (3.20)
rd12 =
md
ms
= 0.0569, rd23 =
md
mb
= 0.0240. (3.21)
Here, we have used ad = 25, ξ
d
0 = 0.0115, and (φ1, φ2) = (177.0
◦, 197.4◦). The observed values
are as follows: |Vus| = 0.2252 ± 0.0009, |Vcb| = 0.0409 ± 0.0011, |Vub| = 0.00415 ± 0.00049,
|Vtd| = 0.0084± 0.0006, Jq = (2.96+0.20−0.16)× 10−5 [11], and ru12 = 0.045+0.013−0.010, ru23 = 0.060± 0.005,
rd12 = 0.053
+0.005
−0.003, r
d
23 = 0.019 ± 0.006 [16].
4 Concluding remarks
In conclusion, we have proposed a new neutrino mass matrix form within the framework
of the yukawaon model, in which we have only two adjustable parameters, (aD, αD), for PMNS
mixing and neutrino mass ratios. We have been able to remove the unnatural term [ξν term in
Eq.(1.9)] in the previous model. Nevertheless, we can obtain reasonable results for PMNS mixing
and neutrino mass ratios as shown in Eqs.(3.13) - (3.17) for the parameter values (aD, αD) =
(8.7, 12◦). As seen in Fig.2, it is worthwhile noticing that only when we choose a reasonable
value of Rν ≃ 0.033, we can obtain a reasonable value of sin2 2θ13 ≃ 0.09. Also, note that our
prediction gives a sizable value of 〈m〉 ≃ 0.0034 eV among normal mass hierarchy models. Of
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course, we have also obtained reasonable results for CKM mixing and quark mass ratios as same
as those in the previous paper [9].
Such the phenomenological success is essentially based on the following assumptions: (i)
We have assumed that only YD takes the mass matrix form with X2 (not X3), while others Yf
(Φf ) take the form with X3 as given in Eq.(1.1). In Ref.[6], the form X3 has been understood
by a symmetry breakdown U(3)×U(3)′ → U(3)×S3. However, for the form X2, the model is
still in a phenomenological level. (ii) We have the bilinear form of the neutrino mass matrix,
Mν = ΦνΦν , as well as the up-quark mass matrix Mu = ΦuΦu. From the theoretical point view,
there is no reason for the bilinear forms. We merely assigned R charges so that bilinear forms
are realized for Mu and Mν .
In spite of such the phenomenological success, the model still leave some basic problems: (i)
The model is not economical. At present, we need many flavons in order to prepare reasonable
VEV matrix relations. Since the purpose of the present paper is to investigate phenomenolog-
ical relations among mass matrices, the structure of the superpotential given in Appendix is a
temporal one. The superpotential will be improved in our future work. (ii) We have not discuss
scales of yukawaons. The present model is based on an effective theory with an energy scale Λ.
The scale Λ must be, at least, larger than 103 TeV from the observed K0-K¯0 mixing (and also
D0-D¯0 mixing) [11]. In earlier version of the yukawaon model, it was considered to be Λ ∼ 1015
GeV. However, VEVs of individual yukawaons depend on parameters in the superpotential (µf
in mass terms and couplings λf ). We do not fix those scales in the present paper, although we
expect that effects of those flavons are visible. (iii) We did not discuss SUSY breaking effects.
As we stated in Section 1, for the time being, we assume that the SUSY breaking effects do not
affect yukawaon sector. (iv) Our goal is to understand the hierarchical structures of all quark
and lepton mass matrices on the basis of only the observed charged lepton masses. However,
in the present model, we are still obliged to introduce flavon P¯d whose VEV matrix includes
flavor-dependent parameters φ1 and φ2 as seen in (A.11).
Generally speaking, the yukawaon model suggests that our direction to unified understand-
ing of the flavor problems is not wrong, although we have many problems in the yukawaon
model. By leaving the settlement of the problems to our future tasks, the yukawaon model will
be improved step by step.
Appendix
In this Appendix, we discuss a derivation of the mass matrix relations (2.2)-(2.9) from
superpotential. We assume the following superpotential W =We+Wν +WR+WD+Wu+Wd:
We =
{
µeY¯
ij
e +
λe
Λ
(Φ¯0)
iα
(
E′′αβ +
ae
Λ2
XαkE¯
klXTlβ
)
(Φ¯T0 )
βj
}
Θeji, (A.1)
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Wν =
1
Λ
[
λν(E
′)αk Y¯
kl
ν (E
′T )βl + λ
′
ν(Φ
T
ν )
αγE′′γδΦ
δβ
ν
]
Θνβα +
[
µνΦ
αβ
ν +
λˆν
Λ
Y¯ αγD Φ
R
γδY¯
δβ
D
]
Θˆνβα, (A.2)
WD =
[
µDY¯
αβ
D +
λD
Λ
(Φ¯T0 )
αk
(
Ekl +
λ′D
Λ2
XTkβ(E¯
′′)βγXγl
)
Φ¯lβ0
]
ΘDβα, (A.3)
WR =
[
λR
Λ
Y¯ ikR (E
′)γkΦ
R
γα + µR(E¯
′)iα
]
(ΘˆR)
α
i +
[
µRY¯
ij
R +
λ′R
Λ
(
Y¯ ike Φ
u
klE¯
lj + E¯ikΦuklY¯
lj
e
)]
ΘRji,
(A.4)
Wu =
(
µuY
u
ij +
λu
Λ
ΦuikE¯
klΦulj
)
Θ¯jiu
+
1
Λ
[
λ′uE¯
ik
u Φ
u
klE¯
lj
u + λ
′′
u(Φ¯0)
iα
(
(E′′u)αβ +
au
Λ2
XαkE¯
kl
u X
T
lβ
)
(Φ¯T0 )
βj
]
Θˆuji, (A.5)
Wd =
[
λd
Λ
λdP¯
ik
d Y
d
klP¯
lj
d +
λ′d
Λ
(Φ¯0)
iα
(
(E′′d )αβ +
ad
Λ2
XαkE¯
kl
d X
T
lβ
)
(Φ¯T0 )
βj + µdE¯
ij
d
]
Θdji. (A.6)
The VEV matrix relations (2.2) - (2.9) are obtained from SUSY vacuum conditions, ∂W/∂ΘA =
0 (A = e, ν, · · · ). Since we assume that all Θ fields take 〈Θ〉 = 0, SUSY vacuum conditions with
respect to another fields do not lead to meaningful relations, because such conditions always
contain, at least, one 〈Θ〉.
In Eqs.(A.5) and (A.6), we have introduced fields E′′u, E
′′
d , E¯u and E¯d in addition to E
′′
and E¯ in order to distinguish the R charges of Θˆu and Θd from that of Θe. All VEV matrices
〈E〉 are given by the forms 〈E〉 ∝ 1 as seen in (A.10). The VEV matrix relations (2.2) - (2.9)
have already been presented by replacing 〈E〉 → 1.
We list the SU(2)L×SU(3)c×U(3)×U(3)′ assignments and R charges for additional fields in
Table 3. The assignments of R charges are done so that the total R charge of the superpotential
term is R(W ) = 2. We have 17 constraints on the R charges of the fields from Eqs.(2.1) and
(A.1) - (A.6), while we have 34 fields even except for Θ fields in Tables 1 and 3. Therefore,
we cannot uniquely fix R charge assignments of those fields. Here, let us give only typical
constraints:
2rX = r
′′
E − r¯E = rE − r¯′′E = r′′Eu − r¯Eu = r′′Ed − r¯Ed, (A.7)
2r0 = r¯Y e − r′′E = r¯Y D − rE = rˆY u + 2r¯Eu − r′′Eu = rˆY d + 2r¯Pd − r′′Ed. (A.8)
From Eq.(A.7), we obtain r′′+r¯′′E = rE+r¯E. When we take R(E
′′)+R(E¯′′) = R(E)+R(E¯) =
R(P d) +R(P¯d) = 1, we can introduce the following superpotential:
WE,P =
λ1
Λ
Tr[E¯EP¯dPd] +
λ2
Λ
Tr[E¯E]Tr[P¯dPd], (A.9)
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Table 3: SU(2)L×SU(3)c×U(3)×U(3)′ assignments and R charges
Φν Y¯D Y¯R Φ
R Φu Θe Θν Θˆν ΘD ΘR ΘˆR Θ¯u Θˆ
u Θd
SU(2)L 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SU(3)c 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SU(3) 1 1 6∗ 1 6 6 1 1 1 6 3 6∗ 6 6
U(3)′ 6∗ 6∗ 1 6 1 1 6 6 6 1 3∗ 1 1 1
R rΦν r¯Y D r¯Y R rΦR rΦu rΘe rΘν rˆΘν rΘD rΘR rˆΘR r¯Θu rˆΘu rΘd
Φ0 X E E¯ E
′ E¯′ E′′ E¯′′
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
3∗ 3 6 6∗ 3 3∗ 1 1
3∗ 3 1 1 3∗ 3 6 6∗
r0
1
2
(rE + r
′′
E − 1) rE 1− rE r′E 1− r′E r′′E 1− r′′E
Eu E¯u Ed E¯d E
′′
u E¯
′′
u E
′′
d E¯
′′
d P
d P¯d
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
6 6∗ 6 6∗ 1 1 1 1 6 6∗
1 1 1 1 6 6∗ 6 6∗ 1 1
rEu 1− rEu rEd 1− rEd r′′Eu 1− r′′Eu r′′Ed 1− r′′Ed rPd 1− rPd
from which we obtain relations 〈E〉〈E¯〉 ∝ 1 and 〈Pd〉〈P¯d〉 ∝ 1. We assume following specific
solutions of those relations:
1
vE
〈E〉 = 1
v¯E
〈E¯〉 = 1, (A.10)
1
vP
〈Pd〉† = 1
v¯∗P
〈P¯d〉 = diag(e−iφ1 , e−iφ2 , 1), (A.11)
as the explicit forms of 〈E〉, 〈E¯〉 and 〈P¯d〉. We assume similar superpotential forms for (E, E¯),
(Eu, E¯u), (Ed, E¯d), (E
′′, E¯′′), (E′′u , E¯′′u), (E
′′
d , E¯
′′
d ) and (E
′, E¯′).
The term µdEd in Eq.(A.6) has been introduced in order to adjust the down-quark mass
ratio md/ms as seen in Sec.3. Additional terms like µdEd in the lepton and up-quark sectors do
not appear, because we take R(E) 6= R(Ed) and R(Eu) 6= (Ed).
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